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ABSTRACT
We study the near-infrared properties of 690 Mira candidates in the central region of the Large Magellanic Cloud,
based on time-series observations at JHKs. We use densely-sampled I-band observations from the OGLE project
to generate template light curves in the near infrared and derive robust mean magnitudes at those wavelengths. We
obtain near-infrared Period-Luminosity relations for Oxygen-rich Miras with a scatter as low as 0.12 mag at Ks. We
study the Period-Luminosity-Color relations and the color excesses of Carbon-rich Miras, which show evidence for a
substantially different reddening law.
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1. INTRODUCTION
The accurate calibration of the Extragalactic Distance
Scale plays a critically important role in understanding
the content and evolution of the Universe. The most
recent robust measurement of the Hubble constant (H0)
by Riess et al. (2016), based on Cepheid variables and
type Ia supernovae, and the inferred value of H0 by
Planck Collaboration et al. (2016) under the assump-
tion of ΛCDM are discrepant at the 3.4σ level. This may
be an indication of additional components in the cosmo-
logical model, such as “dark radiation” (Bernal et al.
2016). Since Mira variables (Miras) exhibit several
promising properties as distance indicators, they may
provide an independent route to H0 to test the current
discrepancy. Mira Period-Luminosity relations (PLRs)
are relatively tight at near-infrared (NIR) wavelengths
(Glass & Lloyd Evans 1981), which are preferred over
measurements in optical bands given the reduced ef-
fect of dust at longer wavelengths. The initial masses
of Miras are considerably lower than those of Cepheids
(1 − 2 to . 4M⊙; Feast 2009), which implies that Mi-
ras can be found in all types of galaxies, including those
without recent star formation. Furthermore, Miras are
generally more luminous than Cepheids, by 2−3 magni-
tudes at Ks. A discussion of the importance of Miras as
distance indicators can be found in Whitelock & Feast
(2014). In this article, we will use “Miras” to refer to
both spectroscopically-confirmed Miras and Mira candi-
dates (based only on photometric observations).
The PLRs of Mira-like variables have been studied
by many generations of astronomers (Gerasimovic 1928;
Gyllenberg 1929; Wilson & Merrill 1942). These initial
studies were extended to filter-specific and bolometric
PLRs once photometric systems were introduced. For
example, Eggen (1975) related the periods and colors for
the long-period variables and thus obtained their bolo-
metric PLR; Robertson & Feast (1981) determined the
Mira PLRs in NIR and bolometric magnitudes. A sam-
ple of Miras in the LMC was studied by Glass & Feast
(1982), who found a K-band PLR dispersion of 0.23
mag. Glass et al. (1987) observed a larger sample of
LMC Miras and obtained an K-band PLR for M-type
Miras with scatter of only 0.13 mag. Feast et al. (1989)
noticed that several Oxygen-rich (O-rich) Miras with pe-
riods longer than 420 days are brighter than the extrap-
olated K-band PLR of a sample with shorter periods.
The additional luminosity of these stars was explained
by Whitelock et al. (2003) as a consequence of an on-
going or a recently-experienced “hot bottom burning”
episode (HBB; see §7.6 of Marigo et al. 2013). Exclud-
ing these very long-period stars, Whitelock et al. (2008)
concluded that O-rich and Carbon-rich (C-rich) Miras
exhibit similar PLRs by studying a relatively small sam-
ple in the LMC.
The broader topic of PLRs for various types of lu-
minous red giants (including but not limited to Mi-
ras) benefited immensely from the microlensing sur-
veys towards the Magellanic Clouds. Wood et al. (1999)
and Wood (2000) used observations from the MACHO
project (Alcock et al. 1993) to establish the existence
of five sequences in the Period-Luminosity plane, one
of which corresponds to Miras pulsating in the funda-
mental mode. The OGLE project (Udalski et al. 2008)
enabled many significant refinements to these sequences
(Soszynski et al. 2004a,b, 2007), which were recently ex-
amined from a theoretical perspective by Wood (2015).
In this article, we present sparsely-sampled NIR obser-
vations of over 600 LMC Miras originally discovered by
the OGLE project (Soszyn´ski et al. 2009). Using their
exquisite I-band photometry, we develop light curve
templates for individual Miras at JHKs and use them
to derive PLRs with scatter as low as 0.12 mag. Miras
are known to lose considerable amounts of mass during
their evolution in the AGB phase (Wood 1990). That
material forms dust envelopes that attenuate starlight
to varying degrees and may hinder accurate Mira-based
distance determinations. We compare the color indices
of O- and C-rich subtypes of Miras in our sample and
find that they have significantly different properties, as
already known from previous work (e.g., Glass & Feast
1982). The color indices of O-rich Miras exhibit much
less dispersion than those of C-rich ones, indicating very
different circumstellar dust environments.
The rest of the article is organized as follows. In Sec-
tion 2 we describe the data used in this study. The
procedure to generate NIR light curve templates is de-
scribed in Section 3. Section 4 presents an analysis of
the NIR color excesses, while Section 5 presents Period-
Luminosity and Period-Luminosity-Color relations for
O- and C-rich Miras, respectively. We draw conclusions
and discuss the results in Section 6.
2. DATA
This study used I-band measurements of Miras by
OGLE-III (Soszyn´ski et al. 2009) and JHKs observa-
tions from the LMC Near-Infrared Synoptic Survey
(LMCNISS; Macri et al. 2015).
2.1. LMCNISS Measurements
LMCNISS observed the central region of the LMC in
JHKs using the CPAPIR camera at the CTIO 1.5m
telescope. A detailed description of the survey was pre-
sented by (Macri et al. 2015). The data products from
this survey include observations for 690 Miras. 681, 679,
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and 676 variables have measurements in JHKs, respec-
tively, with 668 observed in all three bands. A total of
84,852 individual photometric measurements are avail-
able, which can be separated into three broad groups
based on the observation dates: 2006 November, 2007
January 2007 November. Compared to the periods of
Miras, the time span of any of the groups is short
enough to reject extreme outliers based on the mean
magnitude of a given variable within the group. Across
this study, “extreme outliers” are defined as data be-
yond outer fences, which are mathematically equal to
Q1 − 3 × (Q3 − Q1) and Q3 + 3 × (Q3 − Q1) with Q1
and Q3 being the values at the 25 and 75 percentiles,
respectively. We rejected such extreme outliers, which
constituted 3.6% of the entire data. The final median
number of measurements per Mira is 42, 44, and 38 in
JHKs, respectively.
2.2. OGLE-III Measurements
We retrieved the I-band light curves and the O/C-rich
classification for each Mira observed by LMCNISS from
the OGLE-III database. The OGLE-III light curves are
densely sampled and have excellent signal-to-noise lev-
els. The observations extend for as long as 12 years for
most Miras and gracefully cover the period when the
LMCNISS was carried out. We used 551,923 measure-
ments and rejected only 46 data points that noticeably
deviated from their neighbors, possibly due to occasional
photometry artifacts.
We used the semi-parametric Gaussian process model
of He et al. (2016) to fit the OGLE-III light curves. This
model assumes that the I-band light curve of a Mira can
be decomposed into a sinusoidal component with a sin-
gle period P and an amplitude A(I), plus a data-driven
component that captures cycle-to-cycle and long-term
variations. This differs from the approach taken by the
OGLE-III team, which solved for multiple periods for
each variable. We assumed that the period and ampli-
tude of the sinusoidal component of a given Mira do
not change during the time window being considered.
To avoid large uncertainties in some regions of template
curves where data are sparse, we excluded any sampling
gaps longer than 50 days. As a result, the template
curves are not continuous curves. Thanks to the dense
sampling of the I-band light curve and the exclusion
of large gaps from the analysis, the choice of fitting
method (Gaussian process, smooth spline or piecewise
high-order polynomial) does not impact the result.
3. TEMPLATE MIRA LIGHT CURVES IN THE NIR
In order to study the NIR PLRs, we estimated mean
JHKs magnitudes with the help of template light
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Figure 1. Example of how the mean value of J − H (used
in the linear regression model) was derived from the three
groups of measurements for OGLE-LMC-LPV-08476.
curves at these wavelengths. The method we used is
slightly complicated due to several restrictions. Firstly,
unlike Cepheids or RR Lyrae, Mira light curves are
not strictly repetitive and phase-folding does not yield
smooth curves. Secondly, given the long periods of Mi-
ras, the LMCNISS observations are extremely sparse
and are concentrated at only three “epochs,” which can
by no means be used to estimate the true underlying
light curves without additional information. Lastly,
the amplitudes of Mira light curves are known to be
large and vary from cycle to cycle. Simply averaging
these three “epochs” would result in unacceptably large
scatter in the PLRs.
To overcome the aforementioned restrictions, we made
use of the densely-sampled I-band light curve data from
OGLE-III, which span a much longer baseline that in-
cludes the times of the JHKs observations. We assumed
that as long as the JHKs observations take place within
the time window sampled by the I-band light curves,
these will track each other. We use the J band to il-
lustrate our method. The H- and Ks-band light curves
were derived using the same approach.
We firstly built a regression model to predict the value
of I(t) − J(t) (where t is the time of observation). We
then used the relation provided by the regression model
and the I-band light curve to derive the J-band light
curve for each Mira, i.e.
J(t) = I(t)−
(
I(t)− J(t)
)
,
where I(t) is obtained by the process described in §2.2
and I(t) − J(t) is provided by the regression model.
We built a regression model with (I(t) − J(t)) as
the response using several variables as possible predic-
tors: phase φ(t), absolute I magnitude Iabs(t), period
P , amplitude of the sinusoidal component of the I-band
4 Yuan et al.
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Figure 2. Results of the two-stage least-square regression to predict I − JHKs colors for O- and C-rich Miras.
model A(I), and mean NIR color indices (J − H) and
(H − K). The phase is defined relative to the time of
maximum light in the I band and is restricted to the
interval 0 ≤ φ < 1. The mean NIR color indices were
calculated as shown in Figure 1: we first computed their
values for each temporal group, and then obtained the
average using equal weights for each point. We consid-
ered several functional forms for each variable that could
contribute to the predictor, which are listed in Table 1.
We built separate regression models for each of I −
JHKs, and treated O and C-rich subtypes separately.
For each of these six groups, we first selected a subset of
the predictors using the LASSO algorithm (Tibshirani
1994) to avoid over-fitting. The regularization parame-
ter was determined by a 10-fold cross-validation. With
the selected subset of predictors, we trained a least-
square regression with two stages. In the first stage,
we ran the least-square regression using all data, while
in the second stage, we removed residual outliers in the
first stage and reran the same least-square regression.
Figure 2 shows the result of this two-stage procedure,
and the regression coefficients for each of the six groups
are presented in Table 1. The typical scatter of residuals
is 0.12 mag.
With these regression models, we predicted the color
curves and hence obtained the J(t), H(t), and Ks(t)
curves. For each Mira in each band, we then solved
an overall offset between the predicted curve and ac-
tual measurements. The final NIR template curves were
obtained by subtracting the offsets from the predicted
curves.
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Table 1. Predictors and Coefficients for the Regression Model
Predictor Regression Coefficients
O-rich C-rich
(I−) J H Ks J H Ks
∗Iabs 7.9e-01 7.4e-01 7.3e-01 3.4e-01 3.7e-01 4.4e-01
∗I2
abs
NA NA NA -2.0e-03 -1.1e-02 -3.5e-03
∗F = 10−0.4Iabs 2.1e-03 NA NA NA NA -4.8e-04
∗F 2 NA 1.4e-05 8.9e-06 2.8e-06 NA NA
∗F 3 -1.2e-08 -3.7e-08 -2.0e-08 NA NA NA
∗F 0.5 NA NA NA NA NA -4.5e-02
∗ cos(2piφ) NA -8.4e-03 -4.0e-02 6.1e-02 4.6e-02 4.3e-02
∗ sin(2piφ) 1.9e-01 2.0e-01 2.1e-01 7.2e-02 8.3e-02 7.7e-02
∗ cos(4piφ) 1.4e-02 1.1e-02 1.5e-02 -3.5e-03 -1.9e-03 NA
∗ sin(4piφ) 9.4e-03 1.6e-02 1.8e-02 1.7e-02 1.8e-02 1.8e-02
∗ cos(6piφ) 1.7e-02 7.7e-03 7.7e-03 5.2e-03 6.6e-03 NA
∗ sin(6piφ) NA NA NA -4.8e-03 -9.0e-03 -1.3e-02
P -7.7e-02 1.9e-02 3.4e-02 2.5e-03 5.4e-03 5.4e-03
logP 6.3e+03 -3.2e+03 -5.5e+03 NA -2.6e+01 -3.3e+01
log2 P -1.1e+03 4.8e+02 8.4e+02 NA NA NA
log3 P 1.1e+02 -4.5e+01 -7.9e+01 NA NA NA
log0.5 P -9.5e+03 5.0e+03 8.7e+03 NA 7.7e+01 1.0e+02
J −H -5.6e-01 3.9e-01 3.5e-01 -3.5e-01 4.8e-01 3.2e-01
H −K -5.4e-01 -4.8e-01 4.1e-01 NA -2.4e-01 3.9e-01
AI 7.9e-03 1.7e-02 1.7e-02 5.0e-02 7.4e-02 1.0e-01
Intercept 4.2e+03 -2.3e+03 -4.0e+03 2.7e+00 -5.4e+01 -7.3e+01
σ [mag] 0.12 0.12 0.12 0.12 0.13 0.15
Note—Predictors beginning with ∗ indicates time-dependent quantities.
NA indicates predictors that were rejected by the LASSO regularization.
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Figure 3. Template light curves in IJHKs for Miras OGLE-LMC-LPV-08476 (left) and -53643 (right). The measurements
are indicated by black points.
Table 2. JHKs Magnitudes for LMC Miras
OGLE ID flaga Stb J (mag) σ H (mag) σ K (mag) σ Period tc
ref
mean max min mean max min mean max min (days)
08476 0 C 14.72 16.00 13.31 0.11 12.79 13.97 11.55 0.12 11.52 12.55 10.50 0.12 324.4 3466.7
08922 0 C 14.17 14.74 13.42 0.03 12.52 13.03 11.87 0.03 11.26 11.69 10.71 0.05 375.2 3566.9
09071 0 C 13.10 13.68 12.26 0.01 11.52 12.02 10.80 0.03 10.37 10.77 9.81 0.06 463.0 3681.0
Note—Table 2 is published in its entirety in machine-readable format. The first 3 (out of 690 lines) are shown here for guidance regarding
its form and content. (a): 0, magnitude from regression model; c, outlier in color-color diagram; r, regression outlier; m, missing J −H
or H −K measurement; p, phase may be incorrect. (b): Mira subtype (O- or C-rich). (c): HJD - 2450000.
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Figure 3 shows an example of NIR template curves
for two Miras, including a long-period object that ex-
hibits double maxima. Our modeling procedure is able
to accommodate these types of pulsators without any is-
sues. We obtained the mean, maximum, and minimum
JHKs magnitudes of each variable by evaluating the
simple average, maximum, and minimum of the piece-
wise template curves. These values are listed in Table 2.
We applied the above analysis to 658 of the 690 Mi-
ras in our sample. The other variables were excluded
because they lacked NIR color indices (22), had highly
unusual values for these quantities (6), exhibited unre-
alistic spikes in the template curves perhaps due to in-
correct phase determination (3) or had very large resid-
uals (1). For these 32 Miras we simply computed mean
JHKs magnitudes by taking the average of the mean
measurements of individual temporal groups. The mean
magnitudes for these Miras are also listed in Table 2 and
were included in the subsequent analysis.
4. COLOR EXCESSES OF MIRAS
The O- and C-rich subtypes of Miras are known
to exhibit different NIR colors (Glass & Feast 1982;
Feast et al. 1982; Wood et al. 1983; Soszyn´ski et al.
2009), due to their different circumstellar dust envi-
ronments (Ita & Matsunaga 2011; Nanni et al. 2013;
Bladh et al. 2015; Ho¨fner et al. 2016; Marigo et al.
2017). We studied the circumstellar extinction of the
LMC Miras in our sample using the J −H and H −Ks
color indices. We found that the LMC Miras clustered
in two regions in the observed color-color diagram as
shown in Figure 4. Most O-rich Miras (blue circles) are
centered at [0.345±0.005, 0.780±0.006], although we note
that our sample does not contain some previously-known
O-rich LMC Miras that are very red (van Loon et al.
1998; Whitelock et al. 2003). The C-rich Miras (red
pluses) are located along a narrow strip. We obtained
the centroid of the O-rich Mira cluster, excluding points
outside of a 0.2 mag radius. We fit a straight line to
the C-rich Miras iteratively, with the first iteration ex-
cluding any points further than 0.2 mag from the fit,
and the second iteration excluding extreme outliers.
Interestingly, the fitted line
(J −H)− 0.780 = 0.943±0.010[(H −K)− 0.345]
passes through the centroid of O-rich Mira cluster well
within its uncertainty. This suggests both Mira subtypes
may have similar intrinsic colors in the absence of dust.
To confirm the intrinsic colors of C-rich Miras, we
obtained model-based color indices. In lieu of Mira
pulsation models, we used the C-rich giant hydrostatic
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Figure 4. Observed color-color diagram for LMC Miras.
The O- and C-rich subtypes are indicated by blue circles
and red pluses, respectively. Outliers are indicated by grey
symbols. The magenta circled cross shows the centroid of
O-rich Mira color indices. The black line is the first-order fit
for the C-rich Mira colors.
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Figure 5. Same as Figure 4 but showing the intrin-
sic color indices of C-rich giants from hydrostatic models
(Aringer et al. 2009). Red filled circles showM = 1M⊙ mod-
els while the green crosses indicate M = 2M⊙ models. The
observed color indices of C-rich and O-rich Miras are shown
in gray pluses and circles, respectively.
model by Aringer et al. (2009), which provide synthetic
photometry and luminosities in various filters, includ-
ing 2MASS JHKs. We restricted their results to those
with log(g) = 0, Z = Z⊙, and M = 1M⊙ or 2M⊙. The
model colors are shown in Figure 5. We found that the
model colors for C-rich giants are consistent with the
observed colors of O-rich Miras, which supports the as-
sumption that two subtypes of Miras have similar in-
trinsic color indices, while only the C-rich Miras are
surrounded by a considerable amount of circumstellar
dust that noticeably reddens the light. Our observa-
tions also reproduce the previously-established relation
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Figure 6. Correlation between J − H color index and pe-
riod for C- and O-rich Miras (red pluses and blue circles,
respectively). The black line indicates the relation derived
by Glass et al. (1995) using observations of O-rich Miras in
the LMC by Feast et al. (1989). Their relation was placed
in the 2MASS photometric system using the transformations
from Carpenter (2001).
(Feast et al. 1989; Glass et al. 1995) that the observed
color indices for both subtypes of Miras increase as a
function of period, as shown in Figure 6.
We compared our color measurements to those of
Galactic C-rich variable stars (Whitelock et al. 2006),
as well as the extinction laws of interstellar dust. With
the assumption that O- and C-rich Miras have the
same J − H and H − Ks color indices, the color ex-
cess ratio E(J − H)/E(H − Ks) for C-rich Miras sim-
ply equals the slope in the color-color diagram, which
is 0.94 ± 0.01. We transformed the photometric mea-
surements of Whitelock et al. (2006) to 2MASS JHKs
magnitudes with Equations 33–36 of Carpenter (2001)
and obtained a similar color excess ratio (0.930±0.003),
as shown in Figure 7. This value, however, is very dif-
ferent from the interstellar extinction laws. For exam-
ple, Nishiyama et al. (2009) found E(J − H)/E(H −
Ks) = 2.09 towards the direction of Galactic center;
Wang & Jiang (2014) derived a value of 1.78 using a
sample of 5942 K-type giants. This difference is not sur-
prising given the wide range of sources that contribute
to interstellar dust (see Matsuura et al. 2009, and refer-
ences therein).
5. MIRA PLRS IN THE NIR
Miras are not strictly periodic but exhibit chaotic vari-
ations in their light curves. Given the limited time cover-
age of the observations, it is not possible to obtain their
true mean magnitudes. As a proxy, we used the median
value of all the maxima and minima in each piecewise
template light curve. For those objects without template
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Figure 7. Observed color indices for Galactic C-rich vari-
able stars (red dots) fromWhitelock et al. (2006) and best-fit
linear relation (black solid line). The green solid and blue
dash-dotted lines indicate the reddening vectors towards the
Galactic Center (Nishiyama et al. 2009) and towards Galac-
tic K giants (Wang & Jiang 2014), respectively. The black
dashed line indicates the best-fit linear relation for C-rich
Miras in the LMC.
light curves, we used the average magnitude of the three
temporal groups. We subtracted the distance modu-
lus of the LMC (18.493 mag; Pietrzyn´ski et al. 2013) to
obtain their absolute values. The uncertainties of the
JHKs photometric zeropoints are ∼ 0.02 mag and we
caution the readers that these zeropoint errors, together
with the uncertainty in the LMC distance modulus, were
not included in the subsequent analysis.
We fit empirical quadratic relations
M = a0 + a1(logP − 2.3) + a2(logP − 2.3)
2 (1)
to the periods and magnitudes of O-rich Miras. We
rejected extreme outliers in each band during the fit.
The O-rich PLRs derived in this work are broadly
consistent with the preliminary relations derived by
Yuan et al. (2017) based on single-epoch 2MASS ob-
servations. However, our relations exhibit ∼ 2× lower
dispersion. The relations are plotted in Figure 8 and
summarized in Table 3.
We also tested the PLRs using Wesenheit indices
based on the interstellar extinction law from Fouque´ et al.
(2007), though this may be different from the circum-
stellar dust extinction law for Miras. These Wesenheit
indices are
WJH = H − 1.611 · (J −H)
WJK = Ks − 0.679 · (J −Ks)
WHK = Ks − 1.900 · (H −Ks)
(2)
We found that the Ks-band PLR gives the least scat-
ter in all six bands or Wesenheit indices. We caution
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the readers that these Wesenheit indices may be inap-
propriate as distance indicators since the circumstellar
dust extinction law and the color dependences of PLRs
for Miras are not fully understood at present.
The recent analysis by Wood (2015) gives a strong
motivation to consider a linear formulation of these re-
lations for O-rich Miras, as long as one excludes vari-
ables with P > 400 d which may be affected by HBB
(as discussed in the Introduction). We list the results of
these fits in Table 3 and note that as long as the afore-
mentioned upper period limit is imposed, these relations
exhibit comparable scatter to the quadratic formulations
that span the entire period range.
We explored the correlations of the PLR residuals
across different bands, defined as Mobs − MPLR. For
the C-rich Miras, we used the PLRs of O-rich Miras
as fiducial relations to compute “residuals”. The same
method has been used by Ita & Matsunaga (2011) to
investigate the circumstellar extinction of Miras. We
found strong correlations of the residuals across JHKs
bands for both O- and C-rich Miras, as shown in Fig-
ure 9. Several factors may contribute to these correla-
tions: (1) color variations due to changes in tempera-
ture (see the related discussion in Madore & Freedman
1991); (2) interstellar dust; (3) circumstellar dust; (4)
correlated measurement noise. For C-rich Miras, the
correlations span ranges that are too large to be ex-
plained by factors (2) and (4). Nevertheless, the valid-
ity of using PLRs of O-rich Miras as fiducials for this
purpose remains to be proven. We compared the slopes
of these correlations to the theoretical interstellar red-
dening vectors derived from Fouque´ et al. (2007) (red
arrows in Figure 9) and found they are statistically dif-
ferent in most cases.
While we cannot break the degeneracy of these many
factors, we investigated observed Period-Luminosity-
Color Relations (oPLCRs) for C-rich Miras given the
tight correlation of residuals. As we have mentioned, in
terms of studying the circumstellar dust extinction and
color dependences of PLRs for C-rich Miras, the inter-
stellar extinction and correlated measurement errors are
negligible. We fit the oPLCRs in the form of
QKJK ≡ Ks− b · (J −Ks) = a0+ a1(logP − 2.3) (3)
where a0, a1 and b are free parameters. We applied a
revised version of least-squares fit to minimize σ · [(1 +
b)2σ2K + b
2σ2J ]
−1/2 instead of σ to account for the de-
pendence of σ on b, where σ is scatter of fit to QKJK .
We used equal values of σJ and σK since the intrinsic
scatter is unknown. We found that the choice of the
values of σJ and σK or the number of orders in the pe-
riod terms does not significantly change the results. For
Table 3. NIR PLRs for O-rich Miras in the LMC
Band a0 a1 a2 σ Ni Nf
Quadratic relations
J -5.80 (1) -3.49 (09) -1.54 (23) 0.15 187 178
H -6.53 (1) -3.59 (10) -3.40 (31) 0.16 183 173
Ks -6.90 (1) -3.77 (08) -2.23 (20) 0.12 183 176
WJH -7.75 (2) -4.02 (16) -5.47 (52) 0.27 181 171
WJK -7.67 (1) -4.04 (08) -2.28 (22) 0.13 181 167
WHK -7.58 (1) -4.25 (10) -0.88 (30) 0.16 182 171
Linear relations (P < 400 d)
J -5.82 (1) -3.48 (09) . . . 0.15 163 158
H -6.58 (1) -3.64 (09) . . . 0.16 165 163
Ks -6.93 (1) -3.77 (07) . . . 0.12 165 158
WJH -7.83 (2) -3.85 (15) . . . 0.25 163 158
WJK -7.70 (1) -4.05 (07) . . . 0.12 163 151
WHK -7.60 (1) -4.32 (09) . . . 0.15 165 160
Note—σ: dispersion (mag). Ni: initial number of variables. Nf :
final number after rejecting extreme outliers.
Table 4. NIR oPLCRs for C-rich Miras in the LMC
Index b a0 a1 σ Ni Nf
QJ
HK
3.78 10.86 (4) -5.41 (14) 0.33 482 474
QHJH 2.89 9.30 (5) -5.29 (17) 0.41 482 465
QH
JK
1.41 9.91 (4) -5.27 (12) 0.30 482 473
QK
JH
2.20 9.44 (5) -6.12 (16) 0.38 482 474
QKJK 0.91 10.10 (4) -5.33 (11) 0.27 482 474
QK
HK
1.98 10.39 (4) -5.83 (13) 0.30 482 479
Note—σ: dispersion (mag). Ni: initial number of vari-
ables. Nf : final number after rejecting extreme outliers.
example, using the scatter ratio of PLRs of O-rich Mi-
ras (σJ/σK = 1.25) or adding a quadratic term in the
period only changes the value of b by 2.6% and 1.1%, re-
spectively. We excluded any measurements with uncer-
tainties greater than 0.3 mag or extreme outliers during
the fit. We also obtained the oPLCRs for other com-
binations of colors, and list the results in Table 4. We
show the first-order fit to the oPLCRs in Figure 10. We
are aware that the circumstellar dust extinction law may
be degenerate with intrinsic color terms, and one should
not take the Q values as reddening-free Wesenheit in-
dices.
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Figure 8. PLRs of the LMC Miras. The blue points indicate O-rich Miras while the red points indicates C-rich Miras. The
black solid lines show the equally weighted quadratic fit to the O-rich Mira PLRs, while the magenta dashed lines show the
PLRs based on single-epoch 2MASS observations (Yuan et al. 2017).
6. CONCLUSIONS AND DISCUSSION
We analyzed the NIR color indices for over 600 LMC
Miras. We found that the O- and C-rich subtypes oc-
cupy different yet well-confined regions in the color-color
diagram. We compared our results with stellar model
predictions and literature measurements of Galactic C-
rich stars. We hypothesize that both Mira subtypes
have similar intrinsic colors but only C-rich Miras ex-
hibit significant attenuation by circumstellar dust. If our
hypothesis is valid, the properties of that circumstellar
dust are very different from its interstellar counterpart.
We developed decade-long NIR template light curves
for 658 LMC Miras using the I-band OGLE-III light
curves, and derived PLRs based on these templates. We
found that the observed magnitudes of the C-rich Miras
are fainter than those predicted from O-rich Miras, and
these differences decrease with increasing wavelength.
The magnitude differences are highly correlated across
JHKs bands. These facts support our hypothesis of
circumstellar extinction for the C-rich Miras.
However, our hypothesis is not fully justified within
this work, as we cannot rule out the possibility that the
circumstellar extinction of C-rich Miras is coupled with
the intrinsic color variations from the stars and/or the
dust envelopes. If the intrinsic color variations exist, the
aforementioned slope of C-rich Mira color indices is no
longer the color excess ratio, and its comparison with
interstellar extinction laws becomes invalid.
As part of the hypothesis, we assumed that the cir-
cumstellar extinction for O-rich Miras is marginal in the
NIR. The low scatter in the PLRs of O-rich Miras sup-
ports this assumption. If the circumstellar dust around
O-rich Miras were significant, we would expect extinc-
tion variations would increase the dispersion in those
relations. Future studies of O-rich Mira PLRs in other
systems with known distances will be even more help-
ful to check the amount of circumstellar extinction for
O-rich Miras.
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Figure 9. Correlations of PLR residuals between different bands for O-rich Miras (upper panels) and C-rich Miras (lower
panels) in the LMC. We adopted the PLRs of O-rich Miras to compute the “residuals” for C-rich Miras. The black solid lines
indicate the first-order fit to correlations of residuals, while the black dashed lines indicate the ±2σ widths of the relations. The
red arrows indicate the direction of interstellar reddening based on Fouque´ et al. (2007).
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Figure 10. The oPLCRs of C-rich Miras in various combinations of bands and color terms in the LMC. The black solid lines
indicate the first-order fits to the oPLCRs, while the black dashed lines indicate the ±2σ widths of the relations. Extreme
outliers are indicated by gray points.
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